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Abstract Cadmium (Cd) phytoextraction efficiency ba-
sically depends onCd accumulation in their tissues. Thus,
our aim in this study was to select biochemical, morpho-
physiological, nutritional, and productive responses asso-
ciated to Cd accumulation in the roots, stems and sheaths,
and leaf blades of Panicum maximum cv. Massai (Massai
grass), using the random forests analysis. Massai grass
was exposed to combinations of three sulfur (S) concen-
trations (0.1, 1.9, and 3.7 mmol L−1) and two Cd con-
centrations (0.0 and 0.1 mmol L−1) in nutrient solutions.
The dry biomass production of Massai grass exposed to
Cd decreased by around 50% in relation to control.
However, there were no visual symptoms of Cd toxicity
in the shoot of this plant, even with Cd concentrations in
their shoot exceeding 100 mg kg−1 DW. The lowest dry
biomass production of the plants exposed to Cd com-
bined with the absence of visual symptoms of Cd toxicity
indicates us that Massai grass is a bioindicator plant that
can greatly cope with the Cd-induced stress, but in a little
bit different way from other plants. Antioxidant enzymes
apparently are not essential for Massai grass cope with
Cd-induced stress, differently of other mechanisms (e.g.,
higher synthesis of thiol compounds and amino acids
involved on reactive oxygen species (ROS) scavenging
andCd chelation). Probably, the plant responses that most
explained Cd accumulation in Massai grass can be used
to identify grasses with high capacity to accumulate Cd in
phytoremediation programs with this group of plants.
Keywords Cd accumulation . Forage grasses . Non-
hyperaccumulator . Poaceae . Random forests
1 Introduction
Cadmium (Cd) concentration in the environment has
been increased in several countries due mainly to anthro-
pogenic activities (represents more than 90% of Cd added
to the environment), such as the inappropriate disposal of
municipal and industrial wastes and the use of fertilizers
(e.g., phosphate fertilizer) of poor quality (Khan et al.
2017). It is a serious socio-environmental problem since
Cd is one of the most toxic heavy metals present in the
environment, and it can be taken up by plants and thereby
enter into the human food chain (Nawrot et al. 2010).
Clemens et al. (2013) reported that Cd intake by humans
is above the limits recommended by the US Agency for
Toxic Substances and Disease Registry (ATSDR) and the
European Food Safety Authority (EFSA). It is important
to highlight that Cd can cause a series of diseases in the
humans such as pulmonary emphysema and cancer
(Nawrot et al. 2010). Therefore, it is indispensable to
decrease Cd concentration in the environment. There
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are many strategies to decrease Cd concentration in the
environment such as excavation, landfill, and leaching
(Khan et al. 2017), but phytoextraction displays the low-
est environmental impact and costs and as such is often
regarded as the most socially acceptable strategy
(Vangronsveld et al. 2009). On the other hand, only a
limited number of plants can uptake high amounts of Cd
(hyperaccumulators) due to its toxicity (Reeves et al.
2017), and all these plants present low biomass produc-
t ion and slow growth, which decreases Cd
phytoextraction efficiency (Vangronsveld et al. 2009).
Therefore, plants that present high biomass production
and fast growth, such as forage grasses, can be a good
alternative for Cd phytoextraction in relation to use of the
already known Cd hyperaccumulators (Rabêlo and
Borgo 2016).
Besides the high biomass production (often higher than
20 t DW ha−1 year−1) and fast growth, the most part of the
forage grasses have an extensive root system, low require-
ments on soil fertility, adaptation to soil and climatic
adversities, and successive emissions of shoot apical mer-
istem after the harvest of shoots (Rabêlo et al. 2018a).
These characteristics are desirable for phytoextraction
(Vangronsveld et al. 2009), mainly when associated with
Cd tolerance. Thus, several studies with forage grasses
have been conducted to assess its Cd accumulation capac-
ity and its phytoextraction potential (Wang et al. 2013;
Marzban et al. 2017; Rabêlo et al. 2017a, b, c, 2018b, c, d).
Among the forage grasses studied, Panicum maximum cv.
Massai (Massai grass) has been outstanding for surviving
at concentrations of 0.1 mmol L−1 Cd in the nutrient
solution without showing visible symptoms of Cd toxicity
in the shoots (e.g., chlorosis), even with Cd concentrations
in their shoot exceeding 100 mg kg−1 DW, which suggests
that this plant species can be used for Cd phytoextraction
(Rabêlo et al. 2017c, 2018b, c, d). In this sense, Massai
grass can be used as a model plant to identify the main
plant responses that are associated to Cd accumulation in
forage grasses. We know that many factors, such as the
nutritional status of the plant and the capacity to translocate
Cd from roots to shoots, synthesize Cd chelators (e.g.,
glutathione (GSH) and phytochelatins (PCs)) and mitigate
the oxidative stress Cd-induced are associated to Cd accu-
mulation (Clemens 2006; Gallego et al. 2012). However,
we do not know which of these plant responses are in fact
more related to Cd accumulation in forage grasses (Rabêlo
et al. 2018a). Thus, it is essential to identify the main plant
responses related to Cd accumulation to select forage
grasses with real capacity for Cd phytoextraction.
Some recent studies (Yu et al. 2016; Redovniković
et al. 2017) have used a statistical method based on
random forests, a powerful statistical classifier
(Breiman 2001), in order to determine the most impor-
tant variables affecting Cd accumulation and plant
growth under Cd-induced stress. This method presents
high classification accuracy, the ability to characterize
complex interactions among variables and to determine
variable importance (Breiman 2001). In this sense, we
used the published data from our previous studies in
hydroponics (Rabêlo et al. 2018b, c, d) to assay nutri-
tional status (Rabêlo et al. 2018b), synthesis of Cd
chelators (e.g., PCs and histidine) (Rabêlo et al.
2018c), and activities of antioxidant (enzymatic and
non-enzymatic) and photosynthetic systems (Rabêlo
et al. 2018d) of Massai grass in order to obtain several
plant responses related to Cd accumulation to conduct
the current study. We chose Cd accumulation as the
variable response since Cd phytoextraction efficiency
depends on the Cd concentration in the harvestable plant
parts and biomass production (Cd accumulation = Cd
concentration × biomass production) (Vangronsveld
et al. 2009). Therefore, our aim with this study was to
select the plant responses most associated to Cd accu-
mulation in the roots, stems and sheaths, and leaf blades
of Massai grass, using random forests, in order to select
plant responses that can be used to identify Cd-tolerant
forage grasses in possible phytoremediation programs
with this group of plants.
2 Materials and Methods
2.1 Treatments and Experimental Design
Panicum maximum Jacq. cv. Massai plants were grown
in a hydroponics system using 2.2-L plastic pots con-
taining 2 L of nutrient solution arranged in a greenhouse
(22° 42′ south latitude and 47° 38′ west longitude). The
treatments were represented by combinations of three
sulfur (S) concentrations (0.1, 1.9, and 3.7 mmol L−1)
and two Cd concentrations (0.0 and 0.1 mmol L−1), in
nutrient solutions modified from the solution of
Hoagland and Arnon (1950). The control treatment is
represented by 0.0 mmol L−1 Cd and 1.9 mmol L−1 S,
since 1.9 mmol L−1 S is the concentration of S indicated
for better forage grasses growth under Cd exposure
(Rabêlo et al. 2017a, b). It is important to mention that
S concentrations were not considered as a factor during
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the process of variable selection. Thus, the effect of S on
plant responses to Cdwas briefly discussed in this study.
The composition and chemical speciation (Cd availabil-
ity higher than 85% in all treatments) of nutrient solu-
tion used in the study is shown in Table 1 and Supple-
mental file 1, respectively. The experiment was set up in
a randomized complete block design (Montgomery
1984), with four blocks, each consisting of six pots,
representing the six combinations between the concen-
trations of S and Cd.
2.2 Growth Conditions and Harvest of Massai Grass
Seeds were sown in a tray containing expanded vermic-
ulite, which was irrigated with deionized water in the first
14 days and nutrient solutionmodified in order to provide
0.1 mmol L−1 S (diluted to 25% ionic strength) over the
following 9 days. After 23 days, five seedlings (± 10 cm
height) were transplanted to each pot containing the
undiluted nutrient solutions (100% ionic strength) modi-
fied to provide one of the three different experimental S
concentrations for a further 21 days. After this period,
modified nutrient solutions were provided to obtain dif-
ferent S and Cd concentrations (100% ionic strength)
during 9 days. Solutions were replaced every week and
remained constantly aerated. The average temperature in
the greenhouse was 30.5 ± 3.1 °C and the relative
humidity of the air was 60.5 ± 10.7% (Supplemental
file 2). After 9 days of exposure to S and Cd concentra-
tions, the plants were harvested and analyzed.
2.3 Determination of Dry Biomass Production
The dry biomass production was obtained after
weighing the plant material, which remained in a forced
air ventilation oven at 60 °C for 72 h.
2.4 Determination of Cd Concentration
After drying in a forced air ventilation oven at 60 °C
during 72 h, plant material was ground in a Wiley-type
mill. Cadmium concentrations were determined after
nitric-perchloric digestion (HNO3 65% and HClO4
70%), by inductively coupled plasma optical emission
spectrometry (ICP-OES, iCAP 7000 SERIES,
ThermoScientific, Waltham, USA), as described by
Rabêlo et al. (2018b).
2.5 Variables/Plant Responses Analyzed
During the Study (Collected from Previously Published
Studies)
During the last day of exposure of Massai grass to
combinations of S and Cd, the non-destructive analyses
were performed to evaluate the effect of the treatments
on the photosynthetic and some morphological param-
eters of the plants. After these non-destructive analyses,
Massai grass was collected and separated into roots,
stems and sheaths, and leaf blades to perform the de-
structive analyses to evaluate the nutritional, metabolic,
antioxidant, productive, and thiolic parameters. All
variables/plant responses analyzed before, during, or
after the plant harvest and used in the random forests
analysis are described in the last column of the Table 2.
The methods used to determine the variables/plant re-
sponses are described in Supplemental file 3. All the
quantitative results obtained from Rabêlo et al. (2018b,
c, d), which are described in the last column of the
Table 2, were used in the statistical analysis.
2.6 Data Used and Statistical Analysis
All data used in the current study to select the variables
that are more associated to Cd accumulation in the roots,
stems and sheaths, and leaf blades of Massai grass were
extracted from Rabêlo et al. (2018b, c, d). Data of dry
Table 1 Volume of stock solutions used in the preparation of the
nutrient solutions for the Massai grass hydroponic cultures
S (mmol L−1) 0.1 0.1 1.9 1.9 3.7 3.7
Cd (mmol L−1) 0.0 0.1 0.0 0.1 0.0 0.1
Stock solution Volume (mL L−1)
CdCl2 (0.1 mol L
−1) 0 1 0 1 0 1
KH2PO4 (1 mol L
−1) 1 1 1 1 1 1
NH4NO3 (1 mol L
−1) 4.5 4.5 4.5 4.5 4.5 4.5
KNO3 (1 mol L
−1) 6 6 6 6 6 6
KCl (1 mol L−1) 1 1 1 1 1 1
MgSO4.7H2O (1 mol L
−1) 0.1 0.1 1.9 1.9 2 2
MgCl2.6H2O (1 mol L
−1) 1.9 1.9 0.1 0.1 – –
CaSO4.2H2O (0.01 mol L
−1) – – – – 170 170
CaCl2 (1 mol L
−1) 5 5 5 5 3.3 3.3
Micronutrients—Fe1 1 1 1 1 1 1
Fe(III)—EDTA2 1 1 1 1 1 1
1 Composition of micronutrient solution (μmol L−1 ): KCl = 50;
H3BO3 = 25; MnSO4.H2O = 2; ZnSO4.7H2O = 2; CuSO4.5H2O =
0.5; H2MoO4 (85% MoO3) = 0.5
2 Fe(III)-EDTA = 100 μmol L−1
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Table 2 Description of the variables/plant responses analyzed in different tissues of Massai grass supplied with S (0.1, 1.9, and








Nutritional Destructive N, P, K, Ca, Mg, S, Cu, Fe, Mn, Zn, and Cd concentrations; N, P, K, Ca, Mg, S,
Cu, Fe, Mn, Zn, and Cd accumulations; Cd translocation factor
Metabolic Destructive Citrate, fumarate, isocitrate, itaconate, α-ketoglutarate, lactate, malate,
malonate, oxalate, oxaloacetate, succinate, tartrate, cellobiose, erythritol,
fructose, fucose, galactinol, galactitol, glucose, glucose-6-phosphate,
glycerate, idose, maltose, raffinose, rhamnose, ribose, sorbose, sucrose,
talose, trehalose, xylitol, xylose, 5-oxoproline, alanine, asparagine, aspartate,
ß-alanine, cysteine, glutamate, glutamine, glycine, histidine, homoserine,
isoleucine, leucine, L-proline, lysine, methionine, norleucine, O-acetylserine,
ornithine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine,
valine, 4-aminobutanoate, benzoate, cis-aconitate, gluconate, glycerol,
putrescine, pyruvate, shikimate, glycerol 3-phosphate, sinapate, spermidine
Antioxidant Destructive Hydrogen peroxide (H2O2), malondialdehyde (MDA), superoxide dismutase
(SOD), Mn-SOD, Cu/Zn-SOD, catalase (CAT), glutathione-S-transferase
(GST), guaiacol peroxidase (GPOX), glutathione reductase (GR), ascorbate
peroxidase (APX), reduced (GSH), oxidized (GSSG) and total glutathione
(GSH +GSSG), redox state (GSH/GSSG), dehydroascorbate (DHA), gene
expression (GSH1, PCS2, CSD2, CSD3, FSD2, MSD1, APX1, GR1, GR2,
CAT1, and CAT2)
Photosynthetic Non-destructive Chlorophyll concentration (SPAD), net photosynthetic rate (A), stomatal
conductance (gs), internal carbon concentration (ci), carboxylation efficiency
(k), instantaneous water use efficiency (WUE), intrinsic water use efficiency
(WUEi)
Morphological—productive Destructive Leaves number, leaf area, specific leaf area, dry biomass production, growth
inhibition
Thiolic Destructive Homoglutathione, h-PC4, PC6, total phytochelatins, total non-protein thiols
Stems and
sheaths
Nutritional Destructive N, P, K, Ca, Mg, S, Cu, Fe, Mn, Zn, and Cd concentrations; N, P, K, Ca, Mg, S,
Cu, Fe, Mn, Zn, and Cd accumulations; Cd translocation factor
Metabolic Destructive Citrate, fumarate, isocitrate, itaconate, α-ketoglutarate, lactate, malate,
malonate, oxalate, oxaloacetate, succinate, tartrate, cellobiose, fructose,
fucose, galactinol, glucose, glucose-6-phosphate, glycerate, raffinose,
rhamnose, ribose, sorbose, sucrose, talose, trehalose, xylitol, xylose,
5-oxoproline, alanine, arginine, asparagine, aspartate, ß-alanine, citrulline,
glutamate, glutamine, glycine, histidine, isoleucine, leucine, L-proline,
lysine, methionine, norleucine, O-acetylserine, ornithine, phenylalanine,
proline, serine, threonine, tryptophan, tyrosine, valine, 4-aminobutanoate,
benzoate, cis-aconitate, glycerol, glycerol 3-phosphate, putrescine, pyruvate,
shikimate, spermidine
Antioxidant Destructive Hydrogen peroxide (H2O2), malondialdehyde (MDA), superoxide dismutase
(SOD), Mn-SOD, Cu/Zn-SOD, catalase (CAT), glutathione-S-transferase
(GST), guaiacol peroxidase (GPOX), glutathione reductase (GR), ascorbate
peroxidase (APX), reduced (GSH), oxidized (GSSG), and total glutathione
(GSH +GSSG), redox state (GSH/GSSG), dehydroascorbate (DHA)
Morphological—productive Destructive Tillers number, dry biomass production, growth inhibition
Thiolic Destructive h-PC2, cys-PC2, PC3, h-PC3, cys-PC3, des Gly-PC4, h-PC4, PC5, PC6, Total
phytochelatins, total non-protein thiols
Roots Nutritional Destructive N, P, K, Ca, Mg, S, Cu, Fe, Mn, Zn, and Cd concentrations; N, P, K, Ca, Mg, S,
Cu, Fe, Mn, Zn, and Cd accumulations
Metabolic Destructive Citrate, fumarate, isocitrate, α-ketoglutarate, lactate, malate, malonate, oxalate,
oxaloacetate, succinate, tartrate, cellobiose, fructose,
fructose-1,6-diphosphate, fucose, galactinol, glucose, glucose-6-phosphate,
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biomass production and Cd concentration presented in
this study were analyzed using analysis of variance (F
test) and multiple comparisons were performed using
Tukey test (p ≤ 0.05) using the Statistical Analysis Sys-
tem v. 9.2 (SAS Institute 2008). Random forests were
fitted to the Cd accumulation response variable, using
all other variables (Table 2) as possible predictors, using
2000 trees and 20 randomly sampled candidate vari-
ables at each split. Moreover, random forests were fitted
using only variables within each stratum (Breiman
2001). When the predictor presented missing values,
multiple imputation was performed based on a linear
regression model including the effects of block, dose of
Cd, dose of S, and the interaction between dose of Cd
and dose of S. The prediction accuracy was checked by
making simple plots of predicted versus observed
values. Then, the 10 most important predictors were
selected such that their removal from the regression tree
would yield the larger increase in the mean squared error









where n is the sample size, yi is the ith observation, and ŷi is
the predicted value for the ith observation. When the
percentage of increase in the MSE (%Inc MSE) for an
explanatory variable is high, this means that the quality of
prediction becomes poor when this variable is removed
from the model; i.e., this variable is important to explain
the response. All procedures were performed using the R
software (R Core Team 2017; see R codes description in
Supplemental file 4). Later, Pearson’s correlation studies
were performed among Cd accumulation and the variables
selected from random forests analysis for each tissue of
Massai grass using the Statistical Analysis System v. 9.2
(SAS Institute 2008).
3 Results
3.1 Dry Biomass Production, Cd Concentration,
and Symptoms of Cd Toxicity in the Shoots of Massai
Grass
The highest dry biomass production in the leaf blades
(Fig. 1(A)), stems and sheaths (Fig. 1(B)), and roots (Fig.
1(C)) were observed in Cd absence when Massai grass
was supplied with 1.9 mmol L−1 S. When Massai grass
was exposed to Cd, there was no effect of S supply
(p> 0.05) on dry biomass production (Fig. 1(A–C)). Re-
gardless of the dry biomass production, Cd concentration
was higher than 100 mg kg−1 DW in all tissues of Massai
grass (Fig. 1(D–F)). In the leaf blades, the highest Cd
concentration was observed in plants supplied with
0.1mmol L−1 S (Fig. 1(D)), while in the stems and sheaths,







glycerate, gulose, lyxose, mannose, raffinose, rhamnose, ribose, sorbose,
sucrose, talose, trehalose, xylitol, xylose, 5-oxoproline, alanine, arginine,
asparagine, aspartate, ß-alanine, citrulline, cysteine, glutamate, glutamine,
glycine, histidine, isoleucine, leucine, L-proline, lysine, methionine,
o-acetylserine, ornithine, phenylalanine, proline, serine, threonine,
tryptophan, tyrosine, valine, 4-aminobutanoate, benzoate, cis-aconitate,
gluconate, glycerol, glycerol 3-phosphate, putrescine, pyruvate, shikimate
Antioxidant Destructive Hydrogen peroxide (H2O2), malondialdehyde (MDA), superoxide dismutase
(SOD), Mn-SOD, Cu/Zn-SOD, catalase (CAT), glutathione-S-transferase
(GST), guaiacol peroxidase (GPOX), glutathione reductase (GR), ascorbate
peroxidase (APX), reduced (GSH), oxidized (GSSG) and total glutathione
(GSH + GSSG), redox state (GSH/GSSG), dehydroascorbate (DHA)
Morphological - productive Destructive Root length, root surface, tolerance index (TI) to Cd, dry biomass production,
growth inhibition
Thiolic Destructive PC2, des Gly-PC2, h-PC2, cys-PC2, PC3, h-PC3, PC4, des Gly-PC4, total
phytochelatins, total non-protein thiols
h-PC(2–4) = homophytochelatin; PC(2–6) = phytochelatin; cys-PC(2–3) = isoforms of phytochelatin; des Gly-PC(2 and 4) = desglycine
phytochelatins
Water Air Soil Pollut (2019) 230: 110 Page 5 of 15 110
concentration (Fig. 1(E)). There was no effect of S supply
(p> 0.05) on Cd concentration in the roots (Fig. 1(F)),
which was the tissue with the highest Cd concentration
(> 400 mg kg−1 DW). Although the dry biomass produc-
tion of Massai grass exposed to Cd has been decreased
(Fig. 1(A–C)) and the Cd concentrations in all tissues of
this plant has been higher than 100 mg kg−1 DW (Fig.
1(D–F)), there was no visual symptoms of Cd toxicity in
the shoot of these plants (Fig. 1(G–H)). Massai grass
grown with 1.9 mmol L−1 S did not present any type of
chlorosis in the first newly expanded leaf of the plants
exposed to Cd (Fig. 1(I)).
3.2 Variables/Plant Responses Selected Using Random
Forests
The random forests analysis indicated that the most
important variable related to Cd accumulation inside
the nutritional parameters was the Cd translocation
factor (TF) in the leaf blades and the stems and sheaths
of Massai grass, while in the roots, it was Ca concentra-
tion (Table 3). In the leaf blades and the stems and
sheaths, Cd concentration was the second most impor-
tant variable associated to Cd accumulation, while in the
roots, Cd concentration was the third most important
variable. Among the metabolic parameters, the most
important variables related to Cd accumulation of
Massai grass were glycine, spermidine, and raffinose
concentrations in the leaf blades, stems and sheaths,
and roots, respectively (Table 3). In the leaf blades of
Massai grass, sugars such as fucose, glucose, and
galactinol were associated to Cd accumulation.
Galactinol was also associated to Cd accumulation in
the stems and sheaths and roots. In the roots, amino
acids containing S (cysteine and methionine), were
among the five most important variables associated to
Cd accumulation in Massai grass. The most important
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 Cd
Fig. 1 Dry biomass production (A, B, and C) and Cd concentra-
tion (D, E, and F) in the leaf blades (top row), stems and sheaths
(middle row), and roots (bottom row) and symptoms of Cd toxicity
in the shoots (G and H) and in the first newly expanded leaf (I) of
Massai grass supplied with S (0.1, 1.9, and 3.7 mmol L−1) and
exposed to Cd (0.0 and 0.1 mmol L−1). Different letters on the bars
indicate significant statistical difference by the Tukey test (p ≤
0.05). ND non-detected. Pictures (G, H, and I) were taken in the
last day of this study, after 9 days of exposure to Cd
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leaf blades, stems and sheaths, and roots were oxidized
glutathione (GSSG) and malondialdehyde (MDA) con-
centrations and ascorbate peroxidase (APX) activity
(Table 3), respectively. Glutathione metabolism is
strongly associated to Cd accumulation in the leaf
blades of Massai grass, since GSH/GSSG ratio, GSH
concentration, and glutathione-S-transferase (GST) ac-
tivity were among the five most important antioxidant
Table 3 Selected variables or plant responses for each variable category from the study of Massai grass supplied with S (0.1, 1.9, and











Cd translocation factor Cd translocation factor Ca concentration
Cd concentration Cd concentration Fe accumulation
Cu accumulation K concentration Cd concentration
K concentration P accumulation Fe concentration
Fe accumulation K accumulation Cu concentration
Metabolic variables
Glycine concentration Spermidine concentration Raffinose concentration
Benzoate concentration Glycerate concentration Cysteine concentration









GSSG concentration MDA concentration APX activity
GSH/GSSG ratio GPOX activity CAT activity
GSH concentration GR activity GR activity
DHA concentration GSSG concentration GSH/GSSG ratio
GST activity CAT activity GST activity
Productive, photosynthetic and morphological variables
Dry biomass production Dry biomass production Tolerande index to Cd
Stomatal conductiance Growth inhibition Growth inhibition
Water use efficiency Number of tillers Root surface
Specific leaf area - - Dry biomass production
Growth inhibition - - Root length
Thiolic variables





cys PC2 concentration PC2 concentration
h-GSH concentration h-PC3 concentration PC3 concentration
Total PCs concentration PC5 concentration PC4 concentration
h-PC4 concentration h-PC4 concentration h-PC2 concentration
1Percentage of increase in the mean square-error (%Inc MSE): 0 - 10 ( ), 11 - 30 ( ), 31 - 50 ( ) 
and 51 - 70 ( ). GSSG: oxidized glutathione; GSH: reduced glutathione; DHA: dehydroascorbate; 
GST: glutathione S-transferase; PCs: phytochelatins; NPTs: non-protein thiols; h-GSH: 
homoglutathione; h-PC: homophytochelatin; MDA: malondialdehyde; GPOX: guaiacol peroxidase; 
GR: glutathione reductase; CAT: catalase; cys PC: cysteine phytochelatin; APX: ascorbate 
peroxidase
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variables related to Cd accumulation in this tissue. On
the other hand, enzymes involved on hydrogen peroxide
(H2O2) scavenging (catalase (CAT), APX, and guaiacol
peroxidase (GPOX)) and GSH restorations (glutathione
reductase (GR)) were apparently more important in the
stems and sheaths and roots. The dry biomass produc-
tion was the most important variable related to Cd
accumulation in the leaf blades and the stems and
sheaths of Massai grass when considered only the pro-
ductive, photosynthetic, and morphological parameters,
while the tolerance index (TI) to Cd was the most
important variable in the roots (Table 3). In the leaf
blades, the stomatal conductance (gs) and the water use
efficiency (WUE), which are variables associated to
water relations, were the second and third most impor-
tant variables associated to Cd accumulation consider-
ing only the productive, photosynthetic, and morpho-
logical parameters. The growth inhibition was the sec-
ondmost important productive variable associated to Cd
accumulation in the stems and sheaths and roots of
Massai grass. Root surface and root length were among
the five most important variables related to Cd accumu-
lation in the roots of Massai grass. Among the thiolic
parameters, PC6 concentration, total PCs, and total non-
protein thiol (NPT) concentrations were the most im-
portant variables related to Cd accumulation in the leaf
blades, stems and sheaths, and roots of Massai grass,
respectively (Table 3). Total NPTs, homoglutathione (h-
GSH), total PCs, and homophytochelatin 4 (h-PC4)
concentrations were among the five most important
variables related to Cd accumulation in the leaf blades
of Massai grass. Phytochelatins synthesis was strongly
related to Cd accumulation in the stems and sheaths (cys
PC2, h-PC3, PC5, and h-PC4) and roots (PC2, PC3, PC4,
and h-PC2) of this forage grass as well.
When we applied the random forests analysis to our
results to analyze the most important variables related to
Cd accumulation, disregarding the categories used in
Table 3, we observed that Cd concentration was the
most important variable for the leaf blades and the stems
and sheaths, while the TI was the most important vari-
able for the roots of Massai grass (Table 4). In the leaf
blades, Cd TF, GSSG concentration, and GSH/GSSG
ratio were as important as Cd concentration to explain
Cd accumulation in this tissue by this forage grass. The
nutritional variables (Cu, K, Fe, Mg, and P accumula-
tions) and dry biomass production were important var-
iables associated to Cd accumulation in the leaf blades
of Massai grass. In the stems and sheaths, metabolic
(glycerate, leucine, and spermidine concentrations) and
nutritional (K concentration and N, P, and K accumula-
tions) variables were among the 10 most important
variables related to Cd accumulation by Massai grass.
The activities of enzymes involved on H2O2 scavenging
(CATand APX) and Ca concentration in the roots of the
forage grass were as associated to Cd accumulation as
TI. Compounds synthesized to mitigate the oxidative
stress Cd-induced and act as Cd chelator (total NPTs,
cysteine, PC4 and PC3 concentrations) were also impor-
tant to explain Cd accumulation in the roots of Massai
grass (Table 4).
3.3 The Pearson Correlation Between Cd Accumulation
and the Variables/Plant Responses Selected by Random
Forests
To analyze the correlation between Cd accumulation
and the variables related to Cd accumulation in the
different tissues of Massai grass, we performed a Pear-
son correlation study (Table 5). The highest correlation
coefficients (r ≥ 0.95) were between the Cd concentra-
tion and Cd accumulation (r = 0.95) and the TF and Cd
accumulation (r = 0.95) in the leaf blades and between
the total NPT concentration and Cd accumulation (r =
0.97) and the Cd concentration and Cd accumulation
(r = 0.98) in the roots of Massai grass (Table 5). There
was a negative correlation between Cd accumulation
and dry biomass production and Cu, K, Fe, Mg, and P
accumulations in the leaf blades; between Cd accumu-
lation and dry biomass production and K concentration
and N, P, and K accumulations in the stems and sheaths;
and between Cd accumulation and TI and Ca concen-
tration and the activities of CATand APX in the roots of
Massai grass (Table 5).
4 Discussion
As mentioned in Section 1, we used the data from previ-
ously published studies (Rabêlo et al. 2018b, c, d) to
conduct this study, where our aim was to identify the main
plant responses related to Cd accumulation in the Massai
grass. In this context, we briefly discussed the effect of S
on plant responses to Cd. Regardless of S supply, the dry
biomass production of Massai grass exposed to Cd de-
creased by around 50% in relation to the control treatment
(0.0 mmol L−1 Cd and 1.9 mmol L−1 S) (Fig. 1(A–C)),
which can be attributed to high Cd concentrations (>
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100 mg kg−1 DW) observed in the tissues of Massai grass
exposed to 0.1 mmol L−1 Cd (Fig. 1(D–F)). Gallego et al.
(2012) reported that high Cd concentrations may cause
lowest root development, disorders in nutrient assimilation,
lipid peroxidation, and inactivation of enzymes involved in
CO2 fixation, which results in lowest dry biomass. Rabêlo
et al. (2017a) reported that the dry biomass production of
Panicum maximum cv. Tanzânia (Tanzania guinea grass)
exposed to Cd decreased also compared with control. The
authors attributed this fact to reduced tillering and emission
of leaves by the plants due to lipid peroxidation Cd in-
duced in the shoots. In this scenario of lowest dry biomass
production, it is necessary more time to clean up Cd-
contaminated soils, since Cd phytoextraction potential is
strongly associated with the dry biomass production
(Vangronsveld et al. 2009).
Cadmium also changes the structure of chloroplasts
and degrades photosynthetic pigments, which may
Table 4 Global variables/plant responses selection from the study ofMassai grass supplied with S (0.1, 1.9, and 3.7 mmol L−1) and exposed
to Cd (0.0 and 0.1 mmol L−1) using random forests
Leaf blades %IncMSE1 Stems and sheaths %IncMSE Roots %IncMSE
Cd concentration Cd concentration Tolerance index to Cd
Cd translocation factor Cd translocation factor CAT activity
GSSG concentration Glycerate concentration APX activity
GSH/GSSG ratio Leucine concentration Ca concentration
Cu accumulation K concentration Total NPTs concentration
K accumulation Spermidine concentration Fe accumulation
Dry biomass production Dry biomass production Cd concentration
Fe accumulation N accumulation Cysteine concentration
Mg accumulation P accumulation PC4 concentration
P accumulation K accumulation PC3 concentration
1Percentage of increase in the mean square-error (%Inc MSE): 0 - 10 ( ) and 11 - 30 ( ). GSSG: 
oxidized glutathione; GSH: reduced glutathione; CAT: catalase; APX: ascorbate peroxidase; NPTs: 
non-protein thiols; PCs: phytochelatins
Table 5 The Pearson correlation between Cd accumulation and the selected variables/plant responses using random forests from the study
of Massai grass supplied with S (0.1, 1.9, and 3.7 mmol L−1) and exposed to Cd (0.0 and 0.1 mmol L−1) (n = 24)
Leaf blades Stems and sheaths Roots
Variables Cd accumulation Variables Cd accumulation Variables Cd accumulation
Cd concentration 0.95** Cd concentration 0.92** Tolerance index to Cd − 0.92**
Cd translocation factor 0.95** Cd translocation factor 0.94** CAT activity − 0.81**
GSSG concentration 0.69* Glycerate concentration 0.80** APX activity − 0.86**
GSH/GSSG ratio 0.10 ns Leucine concentration 0.71** Ca concentration − 0.83**
Cu accumulation − 0.81** K concentration − 0.76** Total NPT concentration 0.97**
K accumulation −0.71** Spermidine concentration 0.81** Fe accumulation 0.93**
Dry biomass production − 0.68* Dry biomass production − 0.60* Cd concentration 0.98**
Fe accumulation − 0.65* N accumulation − 0.66* Cysteine concentration 0.89**
Mg accumulation − 0.63* P accumulation − 0.64* PC4 concentration 0.92**
P accumulation − 0.74** K accumulation − 0.69* PC3 concentration 0.92**
**p ≤ 0.0001
*p ≤ 0.05
ns not significant, GSSG oxidized glutathione,GSH reduced glutathione, CAT catalase, APX ascorbate peroxidase, NPTs non-protein thiols,
PC phytochelatin
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result in chlorosis and accelerated leaf senescence, lead-
ing to plant death (Bashir et al. 2015a). However, after
9 days of exposure to Cd,Massai grass did not show any
symptoms of chlorosis and leaf necrosis, mainly when
the plants were supplied with 1.9 mmol L−1 S (Fig. 1(G–
I)). This result may be related to the high synthesis of
GSH and PCs observed in the roots and stems and
sheaths of Massai grass exposed to Cd, and supplied
with 1.9 mmol L−1 S, and to the high synthesis of
antioxidants such as glucose and sucrose observed in
the leaf blades of these plants (Rabêlo et al. 2018c). As
GSH and PCs act on chelation of free Cd2+ ions in the
cytosol (Cobbett and Goldsbrough 2002), there is less
Cd translocation from roots to stems and from stems to
leaf blades (Mendoza-Cózatl et al. 2005). Glucose and
sucrose act on reactive oxygen species (ROS) scaveng-
ing in the chloroplasts and in the stabilization of the
photosynthetic process under stress conditions (Keunen
et al. 2013). Reduced glutathione and PCs are com-
pounds rich in cysteine, which is the initial product of
S assimilation and it is supposed to be the limiting factor
for GSH and PC synthesis (Mendoza-Cózatl et al.
2005). In this sense, the proper S supply is important
for GSH and PC synthesis, since S starvation or excess S
supply change the S metabolism. Dong et al. (2017)
reported that Arabidopsis thaliana grown with limited
S supply presented lower glucose synthesis in their
leaves, since S deficiency decreased the target of
rapamycin (TOR) activity, and we know that glucose
and its metabolization in the tricarboxylic acid (TCA)
cycle is a well-established trigger of TOR in plants.
Thus, plants grown with proper S supply presents more
glucose as well as sucrose synthesis, since sucrose is a
polymer of fructose and glucose, which can mitigate the
Cd-induced stress in plants. Bashir et al. (2015b) report-
ed higher GSH and PC synthesis and lower chlorophyll
degradation in Brassica juncea exposed to Cd when
there was proper S supply. The absence of visual symp-
toms of Cd toxicity in the leaves of Massai grass (Fig.
1(I)) suggests us that this plant can be more tolerant to
Cd than others Panicum maximum genotypes (Rabêlo
et al. 2017a, b).
As the efficiency of Cd phytoextraction depends on two
main variables: Cd concentration in the shoots and bio-
mass production (Vangronsveld et al. 2009), it is clear that
Massai grass presents great potential for Cd
phy toex t r a c t i on when compa r ed w i t h Cd
hyperaccumulator plants (Rabêlo and Borgo 2016), even
presenting lowest dry biomass production when exposed
to Cd (Fig. 1(A–C)). In this sense, it is important to identify
the plant responses related to Cd accumulation in the
Massai grass and to understand how these responses are
associated to Cd tolerance, since the forage grasses present
different physiological systems from the Cd
hyperaccumulators plants identified until this moment
(Reeves et al. 2017; Rabêlo et al. 2018a). In Tables 3 and
4, we can observe that responses related to Cd accumula-
tion in the roots, stems and sheaths, and leaf blades of
Massai grass are a little bit different. While in the shoots,
the variables that most explained Cd accumulation in the
Massai grass were Cd concentration and TF, in the roots,
were TI and CAT activity (Table 4). Cadmium accumula-
tion in the shoots of Massai grass increased when Cd
concentration and TF also increased (Table 5), which is
expected since there is an effect of concentration of Cd in
the shoots (Ekvall and Greger 2003), as occurred in Avena
fatua and in Lolium temulentum (Marzban et al. 2017).
Non-hyperaccumulator plants (e.g., Massai grass) exposed
to Cd normally try to bind Cd in the root cell walls or
enhance the synthesis of Cd chelators to avoid Cd translo-
cation from roots to shoots (Clemens 2006). However,
when these processes are not enough to store Cd in the
roots, Cd translocation to shoots increases, as observed in
several forage grasses (Rabêlo et al. 2017b, 2018a). In this
sense, Cd translocation from roots to shoots is strongly
regulated by root responses to Cd in Massai grass, as
observed in other plants (Clemens et al. 2013).
There was a negative correlation between TI and
CAT activity with Cd accumulation in the roots of
Massai grass (Table 5). This occur because the disin-
tegration of cortical root cells and the loss of cellular
turgor tend to increase when Cd concentrations and
Cd accumulations are higher, which decreases the
root growth (Lux et al. 2011) and, consequently, the
TI of the plants, since the TI is calculated from root
length (Wilkins 1978). Marzban et al. (2017) de-
scribed also lower root length and TI in Avena fatua,
Lathyrus sativus, and Lolium temulentum exposed to
Cd. The exposure to Cd also results in highest ROS
generation (Gallego et al. 2012), as the superoxide
radical (O2
−), which inactivates CAT rapidly and
decreases its activity (Kono and Fridovich 1982).
Rabêlo et al. (2017b) reported that CAT activity in
the roots of Tanzania guinea grass exposed to
2 mmol L−1 Cd was almost 50% lower compared
with control, and there was no effect of S supply on
CAT activity. It is important to highlight that in our
study, there was also no significant effect of S on
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CAT activity in the roots of Massai grass (Rabêlo
et al. 2018d). Catalase inactivation can result in
highest lipid peroxidation, negatively affecting cell
expansion and in turn the root growth, which can
decrease soil exploitation and Cd phytoextraction
potential. In this sense, the plants have to develop
other mechanisms to cope with Cd-induced stress, as
seems to be the case of the Massai grass.
Besides the Cd concentration and TF, the concen-
tration of oxidized glutathione (GSSG), GSH/GSSG
ratio, the accumulations of Cu, K, Fe, Mg, and P, and
the dry biomass production were the other variables
that most explained the Cd accumulation in the
shoots of Massai grass (Table 4). There was a posi-
tive correlation between GSSG concentration and Cd
accumulation in the shoots of Massai grass (Table 5),
which initially suggests that plants presenting low
GSSG concentrations can accumulate more Cd, but
it normally does not occur in practice. High Cd con-
centrations can cause depletion in GSH pools and
inactivation of GR, which restore GSSG in GSH,
which results in higher GSSG concentration
(Jozefczak et al. 2015). Bashir et al. (2015b) found
higher GSSG concentration in the shoots of Brassica
juncea exposed to Cd in relation to control. High
GSSG concentrations seem to be more related to an
inefficient antioxidant system than some mechanism
which allows Cd accumulation. Besides inducing
ROS generation, Cd can inhibit the nutrient uptake
by competing for the same sites of uptake in the roots
(Clemens 2006; Lux et al. 2011), among other fac-
tors. This fact associated to the lowest dry biomass
production results in negative correlations between
Cd concentration and nutrient accumulation
(Table 5). Jozefczak et al. (2015) reported also lower
K accumulation in the shoots of Arabidopsis thaliana
exposed to Cd. Lower K, Ca, Mg, Cu, Fe, and Zn
accumulations were also reported by Wang et al.
(2013) in the shoots of Lolium perenne exposed to
Cd. Rabêlo and Borgo (2016) reported in a study
review that Cu, Fe, Mn, and Zn accumulations in
the shoots of Brachiaria decumbens and Panicum
mosambicence exposed to Cd decreased when com-
pared with the control. The lower nutrient accumula-
tions in the shoots of the plants exposed to Cd can
become a serious problem, mainly in the case of the
micronutrients, which are used as co-factor by en-
zymes involved on ROS scavenging (Rabêlo and
Borgo 2016). However, Rabêlo et al. (2018d)
described that the antioxidant enzymes are not so
important for Massai grass to cope with Cd-induced
stress, as observed in other plants (Bashir et al.
2015b; Jozefczak et al. 2015).
The concentrations of glycerate, leucine,
spermidine, and K, accumulations of N, P, and K,
and dry biomass production were the responses (be-
sides Cd concentration and TF) that most explained
Cd accumulation in the stems and sheaths of Massai
grass (Table 4). There was a positive correlation only
between Cd accumulation and the concentrations of
glycerate, leucine, and spermidine (Table 5). Al-
though the glycerate concentration is related to Cd
accumulation in the stems and sheaths of Massai
grass, there are no reports in the literature on its
function in this tissue of plants exposed to Cd. On
the other hand, spermidine is an important antioxi-
dant that regulates the expression of genes expressed
under stress conditions (Kasukabe et al. 2004),
whereas leucine can act in the promotion of the
protein synthesis induced in stress conditions, be-
sides acting as signaling molecule for gene expres-
sion (Joshi et al. 2010). To the best of our knowl-
edge, there are no studies with forage grasses
assessing Cd exposure on secondary metabolites of
the TCA cycle (e.g., glycerate and spermidine),
which is an important gap to be explored in further
studies. Rabêlo et al. (2017b) observed that leucine
concentration did not increase in the shoots of Tan-
zania guinea grass due to Cd exposure, but there was
increase in this amino acid concentration due to
proper S supply. In our study, there was no signifi-
cant S effect on leucine and spermidine synthesis
(Rabêlo et al. 2018c), but even so, the secondary
metabolites of the TCA cycle were very important
for Massai grass to cope with Cd-induced stress
(Rabêlo et al. 2018c, d).
Cadmium accumulation in the stems and sheaths
of Massai grass correlated negatively with the accu-
mulations of some nutrients (Table 5), as observed
in the leaf blades. However, there were no symp-
toms of N, P, K, Mg, Cu, and/or Fe deficiency in the
shoots of Massai grass exposed to Cd (Fig. 1(G–I)),
indicating that Massai grass survives in a wide nu-
tritional range, which is essential for plants used for
Cd phytoextraction. Rabêlo et al. (2017b) reported
that the variation caused by Cd on N, P, K, Ca, Mg,
Fe, Mn, and Zn concentrations may have contribut-
ed to inhibit plant regrowth after the first shoot
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harvest. The low nutrient accumulation like N could
limit the synthesis of Cd chelators, such as PCs
(Sarwar et al. 2010). However, this did not occur
with Massai grass (Rabêlo et al. 2018c), which is
important since the PC pathway is between the most
important mechanisms of Cd detoxification in plants
(Clemens 2006). This is clear when we observed
that concentrations of cysteine, PC3, PC4, and NPTs
are among the 10 responses that most explained Cd
accumulation in the roots of Massai grass (Table 4)
and that there was positive correlation among these
responses and Cd accumulation (Table 5). It is im-
portant to note that cysteine is a structural compo-
nent of GSH, which in turn is a component of PCs
(Cobbett and Goldsbrough 2002), and that PC3 and
PC4 are among the major NPTs induced by Cd in
plants (Vázquez et al. 2006). Santos et al. (2011)
noted that the PC synthesis in the roots of
Brachiaria decumbens was also critical to the sur-
vival of this forage to Cd. Phytochelatins form com-
plexes with Cd in the cytosol and subsequently
transported it into the vacuole, decreasing its toxic-
ity (Cobbett and Goldsbrough 2002; Clemens 2006).
In this sense, it is important to supply S for the
plants since the thiol compounds (e.g., cysteine,
GSH, and PCs) are compounds rich in S, and a
lower S concentration can limit their synthesis
(Mendoza-Cózatl et al. 2005). In general, we ob-
served in this study that the proper S supply
(1.9 mmol L−1) allowed higher cysteine, GSH, and
PC syntheses in the stems and sheaths and the roots
of Massai grass compared with the inadequate S
supply (0.1 mmol L−1) (Rabêlo et al. 2018c). The
proper S supply also increased the NPT and PC
syntheses in Brassica juncea (Bashir et al. 2015b)
and GSH synthesis in Tanzania guinea grass ex-
posed to Cd (Rabêlo et al. 2017a). Higher thiol
compound synthesis can decrease the damages
caused by Cd allowing higher Cd uptake, which in
turn may increase the Cd phytoextraction potential
of the plant.
The concentrations of Ca and Cd, Fe accumula-
tion, and APX activity were the other plant responses
that most explained Cd accumulation in the roots of
Massai grass, besides the TI, CAT activity, and con-
centrations of cysteine, PC3, PC4, and NPTs
(Table 4). Cadmium competes with Ca by the same
root uptake sites (Lux et al. 2011) and induces the
formation of Fe plaques in the roots of the plants (Du
et al. 2013), which results in a negative correlation
between Ca concentration and Cd accumulation and
in a positive correlation among Cd and Fe accumu-
lations (Table 5). Firstly, Cd induces changes in the
Fe2+/Mn2+ availability, redox potential, and the con-
centration of radial oxygen loss in the root, and then,
the oxygen released from the aerenchyma oxidizes
Fe2+ to Fe3+, and Fe3+ oxide precipitates on the root
surface, forming the Fe plaques (Du et al. 2013).
Christensen and Sand-Jensen (1998) noted that there
was a negative correlation between Fe plaque
Fig. 2 Variables/plant responses
that most explain Cd
accumulation in Massai grass
supplied with S (0.1, 1.9, and
3.7 mmol L−1) and exposed to Cd
(0.0 and 0.1 mmol L−1) using
random forests analysis
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formation in the roots and Fe concentration in the
leaves of Lobelia dortmanna. Iron deficiency can
compromise the photosynthetic activity of the plants
(Bashir et al. 2015a) and decrease APX activity, since
APX is a hemoprotein. Wang et al. (2013) described
that Fe concentration in the roots of Lolium perenne
decreased with Cd exposure compared with the con-
trol treatment. In our study, we observed that there
was a negative correlation between APX activity and
Cd accumulation (Table 5), as occurred with CAT,
but there was no Fe deficiency in the roots of Massai
grass (Rabêlo et al. 2018b). In this scenario, it is
possible that Cd bound to the APX reaction center
a n d c a u s e d i n a c t i v a t i o n o f t h i s e n z yme
(Schützendübel et al. 2002). Wang et al. (2013) also
reported that APX activity in the roots of Lolium
perenne decreased with Cd exposure. It is important
to highlight again that antioxidant enzymes apparent-
ly are not essential for Massai grass in coping with
Cd-induced stress, differently of other mechanisms
(e.g., synthesis of thiol compounds and amino acids
involved on ROS scavenging and Cd chelation),
which allows this genotype to survive to 0.1-
mmol L−1 Cd exposure.
5 Conclusions
The lowest dry biomass production of the plants ex-
posed to Cd combined with the absence of visual symp-
toms of Cd toxicity indicates us that Massai grass is not
a Cd hyperaccumulator plant, but is a bioindicator plant
(van der Ent et al. 2013) that can greatly cope with the
Cd-induced stress. Massai grass presented mechanisms
of Cd tolerance common to other plants (e.g., PC syn-
thesis in the roots for Cd chelation), but it is clear that
important mechanisms of Cd tolerance such as high
activity of antioxidant enzymes (e.g., CAT and APX)
apparently are not essential to Cd tolerance in this forage
grass. Probably, the physiological mechanisms to cope
with Cd-induced stress in other forage grasses are very
similar to the mechanisms presented byMassai grass. In
this sense, the plant responses that most explained Cd
accumulation inMassai grass (summarized in the Fig. 2)
can be used to identify forage grasses with high capacity
to accumulate Cd in phytoremediation programs with
this group of plants. Apparently, the secondary metabo-
lites of the TCA cycle are important for forage grasses
cope with Cd-induced stress, deserving special attention
in further studies. In the same way, it is important to
conduct further studies with forage grasses for longer
periods of time, in soil, to verify how Cd accumulation
is influenced under conditions closer to reality.
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